The primary amine borane t-BuNH 2 .BH 3 reacts with a β-diketiminate-supported silylamido calcium complex with elimination of HN(SiMe 3 ) 2 and formation of the corresponding primary amidoborane complex in which the deprotonated amine borane is attached to the alkaline earth center via its nitrogen atom and anagostic interactions with the boron-bound hydrides.
Introduction
The reactivity of ammonia borane (AB) and organo-amine boranes, R 3-n NH n .BH 3 (n = 2 or 1), has received considerable recent attention because of their potential relevance to hydrogen fuel storage media. [1] [2] [3] [4] [5] [6] [7] [8] [9] Consequently, the homogeneous catalytic dehydrocoupling activity of a wealth of transition metal complexes, including those of Ti, 10, 11 V, 12 Cr, [12] [13] [14] [15] Mo, 16 W, [15] [16] [17] Mn, 12, 15 Re, 18, 19 Fe, [20] [21] [22] Ru, [23] [24] [25] [26] [27] Rh, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] Ni, [44] [45] [46] [47] or Pd, [48] [49] [50] has been explored.
Whereas many mechanistic interpretations of these catalyses require formal oxidation state changes to the transition metal center, a complementary class of amine borane dehydrocoupling catalyst 51, 52 has emerged from the use of effectively redox inactive d 0 complexes of the elements of groups 2 (Mg, Ca, Sr, Ba), [53] [54] [55] [56] [57] 3 (Sc and Y) [58] [59] [60] and 13. [61] [62] [63] [64] Initial work by Harder and co-workers demonstrated that a β-diketiminate-supported calcium hydride reacts with AB and primary amine boranes through H 2 elimination to form the monomeric calcium amidoborane derivatives I -IV. 65, 66 Whereas subsequent B-N bond formation to provide dimeric calcium complexes of {RN-BH-NR-BH 3 } 2ions was observed for compounds I -III, the greater steric demands of the primary aniline borane, ArNH 2 .BH 3 (Ar = 2,6-di-isopropylphenyl) allowed the isolation of a monomeric derivative containing the borylamido anion, [ArN=BH 2 ] -. To the background of these observations, and in common with many previous studies of catalytic amine borane dehydrocoupling activity, our own efforts have concentrated on the group 2 and group 3-catalyzed dehydrocoupling of secondary amine boranes, R 2 NH.BH 3 , which, in containing a single (protic) N-H residue, were judged to be more amenable toward initial mechanistic analysis of the B-H bond breaking and B-N bond forming steps. 55, 56 In several cases, we have observed that the ultimate products of the dehydrocoupling of secondary amine boranes by magnesium and calcium alkyls and silylamides, primarily cyclic dimeric borazanes of the form [R 2 NBH 2 ] 2 , occur via the intermediacy of coordination compounds containing complex anions of the general form {NR 2 BH 2 NR 2 BH 3 } -(see, for example, the magnesium and scandium compounds V 55 and VI 58 ). We have suggested that this process is predominantly metalmediated and dependent upon the mechanism illustrated in Scheme 1, 55, 56, 58, [67] [68] [69] for which some supporting evidence has recently emerged from computational DFT studies. 70 Under this regime, the primary B-N bond forming reaction requires a sequence of metalated amidoborane -hydride elimination and polarised R 2 N=BH 2 insertion and -hydride elimination steps. Minor quantities of diamidoboranes, (R 2 N) 2 BH, and tetrahydridoborate anions have also been observed in these catalytic systems and we have suggested that these species are the result of a further -hydride elimination step, 57 which may occur in competition to the predominant -hydride elimination, from intermediate compounds containing the {NR 2 BH 2 NR 2 BH 3 }anion. 55, 56, 58 Although magnesium compounds such as V formed at room temperature, reactions of the calcium silylamide reagent VII with secondary amine boranes provided straightforward access to compounds containing amidoborane anions, [R 2 NBH 3 ] -. Based upon these observations it is qualitatively evident that the dehydrocoupling activity is dependent upon the identity of the metal employed and we have proposed that the ability of a particular d 0 metal centre to engage in dialkylamine borane dehydrocoupling is dictated by the charge density and resultant capacity for the cationic centre to mediate the individual reaction steps involved. Although the absolute reactivity derived from the use of calcium-based reagents is, thus, insufficient to provide any viable utility in amine borane dehydrocoupling, their slower kinetics are better suited to the monitoring and identification of reaction intermediates during the catalysis. Reactions of E(N i Pr 2 ) 3 (E = Al, Ga) with the primary amine-borane, t-BuNH 2 .BH 3 have been reported to provide sequential dehydrogenation to the structurally characterized cyclic tri-borazane [t-BuNHBH 2 ] 3 and, ultimately, the borazine [t-BuNBH] 3 . 63 As an extension to our studies of alkaline earth-mediated dehydrocoupling catalysis, we describe in this contribution an investigation of the reactivity of tert-butylamine borane which provides similar but contrasting reaction outcomes with the calcium reagents VII and [Ca{N(SiMe 3 ) 2 } 2 ] 2 (VIII).
Scheme 1:
Suggested mechanism for the group 2-centered dehydrocoupling of secondary amine boranes, R 2 NH.BH 3 .
Results and Discussion
The addition of VII to one equivalent of t-BuNH 2 .BH 3 at room temperature resulted in the appearance of a single new quartet resonance in the resultant 11 The solid-state structure of 1 comprises a calcium center supported by the bidentate βdiketiminate ligand, the tert-butylamidoborane ligand, which is bound through its nitrogen atom and anagostic interactions with the boron-bound hydrides, and a molecule of THF. This coordination geometry is, thus, completely analogous to that described for the previously reported methyl-and iso-propylamido borane derivatives, II and III, respectively. 65, 66 The 26, 39, [73] [74] [75] The formation of borohydride species during this reaction was also confirmed by a further single crystal X-ray diffraction analysis. Although the crystals diffracted weakly at high angles, leading to consequentially high residuals, the connectivity of the inorganic calcium tetrahydroborate (5) was unambiguous ( Figure 4 ). Selected bond length and angle data and details of the X-ray analysis of compound 5 are provided in the figure caption and Table S1 respectively. were produced by a rhodium-catalysed dehydrocoupling process from the respective primary amine boranes. 26 Storage of this reaction mixture at -30 °C yielded single crystals of the major reaction product 7 suitable for X-ray diffraction analysis. Although the crystals were poorly diffracting (R1 = 0.1893), the connectivity of the 1,3,5-tri(tert-butyl)borazine molecule, comprising a planar six-membered B 3 N 3 ring, was unambiguous. The solid-state structure of 7, as the only N-alkyl borazine to be characterized by any X-ray method, is thus presented in Figure S1 and found to be completely analogous to 1,3,5-triphenylborazine and 1,3,5-tris(biphenyl-2-yl)borazine, the two previous N-aryl compounds to be structurally characterised. 26, [77] [78] [79] In conclusion, these investigations indicate that although the ultimate outcome of the dehydrocoupling of t-BuNH 2 .BH 3 by all of the group 2 and group 13 pre-catalysts reported thus far is effecively identical, 63 the observation of borazane intermediates of differing nuclearity is a first indication that the selection of the s-or p-block reagent can be used to modulate catalytic behavior and the nature of products formed. Whilst the species identified during the early period of the calcium-centered catalysis, the borazane 4 and the diamidoborane 3 along with minor quantities of the aminoborane 2, are consistent with the gross features of the mechanism presented in Scheme 1, additional reaction pathways must operate to account for the formation of species such as 7. Although beyond the scope of this initial qualitative investigation, any metal-mediated mechanism must account for both the further dehydrogenation of the borazane 4 and its effective ring expansion during the formation of the borazine 7. Although further reaction sequences comprising a single further t-BuHN=BH 2 insertion reaction allied to N-H deprotonation and B-H elimination from 4 may be envisaged to enable the production of compound 7, this is at present no more than unfounded conjecture. Further studies will, thus, investigate the role of the calcium species during the conversion of 4 to 7 and will extend this reactivity to the other members of the alkaline earth series. Irrespective of the the outcome of these investigations, the additional complexity introduced through elaborations of this dehydrocoupling reactivity to substrates containing two nitrogen-bound protons highlights the difficulties intrinsic to the development of any generalised mechanism for dehydrocoupling of amine boranes.
Experimental Section
All reactions were carried out using standard Schlenk line and glovebox techniques under an inert atmosphere of either nitrogen or argon. NMR experiments were conducted in Youngs tap NMR tubes, made up and sealed in a glovebox. NMR spectra were collected on a Bruker AV300 spectrometer operating at 96.3 MHz ( 11 B). Solvents (Toluene, THF, hexane) were dried by passage through a commercially available (Innovative Technologies) solvent purification system, under nitrogen and stored in ampoules over molecular sieves. C 6 D 6 and d 8 -toluene were purchased from Goss Scientific Instruments Ltd. and dried over molten potassium before distilling under nitrogen and storing over molecular sieves. t-BuNH 2 .BH 3 was purchased from Sigma-Aldrich Ltd. and used without further purification. Compounds VII and VIII were synthesized by literature procedures. 80, 81 X-ray diffraction analysis of crystalline precipitate yielded the solid-state structure of 5.
Accurate CHN microanalysis could not be obtained for this compound. Although compound 5 could not be solubilised, the 11 B NMR spectrum of the reaction mixture was observed to contain a quintet resonance at δ = -30.6 ppm, J BH = 82 Hz, which is assigned to a solvated form of this compound.
Catalytic dehydrocoupling of t-BuNH 2 .BH 3 with VIII: Synthesis of 7. D 8 -toluene (0.5 ml) was added to a solid mixture of t-BuH 2 N.BH 3 (87.0 mg, 1 mmol) and VIII (18 mg, 0.05 mmol) and the solution sealed in a Youngs tap NMR before heating at 70 °C for ca. 66 hours. 1 H NMR (C 6 D 6 , 298 K) δ = 1.28 (s, 1H, NH), 1.38 (s, 9H, C(CH 3 ) 3 ), ca. 5.1 (v. br. d, 1H, BH). 13 
X-ray Crystallography
Data for compounds 1, 4 and 5 were collected at 150 K on a Nonius KappaCCD diffractometer equipped with an Oxford Cryosystem, using graphite monochromated MoK  radiation (λ= 0.71073 Å). Data were processed using the Nonius Software. 82 Crystal parameters and details on data collection, solution and refinement for the complexes are provided in Table S1 . Structure solution, followed by full-matrix least squares refinement was performed using the WINGX-1.70 suite of programs throughout. 83 The structure of 5 was refined taking 30 % of twinning with 180.0 rotation about the 1 0 0 direct lattice direction into account. All hydrogen atoms binding to B(1) and B(2) were located in the difference Fourier map and were freely refined.
Supporting Information
Crystallographic information files (CIF) for 1, 4 and 5 and details of the X-ray analysis of compound 7. This material is available free of charge at http://pubs.acs.org.
